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Christopher A Bauer 
 
 
The goals of this work are the optimization of the magnetocaloric effect in Gadolinium 
thin film structures. We approach this issue from two directions, that of process 
optimization and of interface effects. Past results showed Gd2O3 in our Gadolinium thin 
films, and the presence of such oxide seemed to grow with the temperature at which the 
film was grown or annealed. Comparison of samples grown without chamber gettering to 
those that were gettered show differences in their structural and magnetic properties, and 
we conclude that gettering is an effective step in enhancing the quality of Gd thin film 
samples. 
 Early work with Gd/W heterostructures showed a diminished magnetization of the 
interfacial gadolinium, which reduces the magnetocaloric response as magnetic entropy is 
proportional to    . It is known that Fe interfaces can boost the Gd moments per atom 
to above that seen in bulk. As such, we fabricated a series of Fe/Gd heterostructures to 
study the effects on the structural and magnetic properties of Gd thin films. The use of Fe 
as a base layer shows increased high frequency oscillations in X-ray reflectivity 
measurements, indicating sharp interfaces between Gd and Fe. The magnetocaloric 
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measurements produce a magnetic entropy curve with a novel tail extending leftward, 
making this an improved material over Gd for applications around 240K. All the same, 
vector magnetometry is needed to ensure that such tail is not due to rotations within the 
plane and is a direction for further study. 
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1.1-History and Discovery of the Magnetocaloric Effect 
The magnetocaloric effect was discovered over 100 years ago by Warburg(1) , noting that 
the transition from the ferromagnetic phase to the paramagnetic phase was accompanied 
by a temperature change of the material. Debye(2)  and Giacque (3) (4) later figured out 
how to cool samples to temperatures below that of liquid helium using the technique of 
adiabatic magnetization. Until recently, gadolinium was the material with the best known 
magnetocaloric response (5). With the discovery of new materials exhibiting high 
magnetocaloric responses, such as the room temperature giant magnetocaloric effect in 
Gd5(SiGe)2 (6) and various materials with first order transitions, including Gd5(SiGe)2 
(5,6),  research into the magnetocaloric effect for the purpose of magnetic refrigeration 
has exploded, with research publications in the area increasing almost exponentially (7). 
 The question of why the research interest in magnetocaloric materials is only 
partially answered by the discussion above. The endgame of magnetocaloric research is 
to find novel materials with high refrigerant capacities in order to develop magnetic 
refrigeration technologies, which can be used as a substitute for current compression 
cycle refrigeration technologies. A recent proof of concept model showed an increase in 
efficiency of roughly 30% over current compression cycle technologies (8), with multiple 
groups focusing on the technical issues involved (9) (10). In the face of rising oil prices, 
CHAPTER 1 
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peak oil concerns and the need to conserve energy in the face of global warming, such an 
increase in efficiency represents a contribution to solving the above problems as it has 
been estimated that refrigeration accounts for 15% of the world’s total energy use (11). 
Magnetic refrigeration would also effectively remedy the use of CFCs and other 
hazardous materials used in current refrigeration technologies. 
 Magnetic refrigeration, then, is a very attractive alternative to current technologies 
and the discovery of better magnetocaloric materials is an optimistic sign for the field. 
Why, then, are magnetic refrigerators not yet commercially available at room 
temperature? While magnetic refrigeration techniques exist at low temperatures (12), the 
magnetic materials currently available are not sufficient for many room temperature 
applications, though many advances, such as reduction of demagnetization effects (13). 
Current materials require fields greater than 2T in order to refrigerate effectively, a field 
which is difficult to generate with permanent magnets (14). In order for this technology 
to be commercially viable, even considering various advanced designs (7), or Halbach 
arrays (which can generate large fields but are prohibitively heavy (15)) better materials 
must be discovered or fabricated. As nanostructuring has been proven as a viable route 
for tailoring novel properties in the past (16) (17) (18), it is our hope that fabricating thin-
films and alloys will result in exotic properties (19) (20) that can contribute to making 
room-temperature magnetic refrigeration using low applied fields a reality. 
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1.2-Introduction to Magnetic Entropy and the Mechanism of the 
Magnetocaloric Effect 
Starting from the Gibbs free energy, the parameters entropy (S), magnetization (M) and 
volume (V) can be determined as functions of the Gibbs free energy (G), temperature (T), 
external magnetic field (H) and pressure (p) as below (19) (21) (22) 
 (     )   (
  
  
)                     (1) 
 (     )   (
  
  
)                    (2) 
 (     )   (
  
  
)                   (3) 
From differentiating and combining equations 1 with 2, 2 with 3 and 1 with 3, one 
obtains the Maxwell relations shown below  
(
  
  
)
   
 (
  
  
)
   
                  (4) 
(
  
  
)
  
  (
  
  
)
   
                 (5) 
(
  
  
)
   
  (
  
  
)
   
                (6) 
Additionally, the heat capacity at a constant parameter is defined by equation 7, 
   (
  
  
)
 
                                                             (7) 
From which the specific heat can be reexpressed using the second law of 
thermodynamics, stated in equation 9, to get the form in 10. 
    
  
 
                          (9) 
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     (
  
  
)
 
                                       (10) 
The total differential of entropy can be written as a total differential by using the chain 
rule for partial derivatives as shown in 11, 
    (
  
  
)
    
   (
  
  
)
    
   (
  
  
)
    
            (11) 
further, given an adiabatic process (dS=0) which is also isobaric (dp=0), and the use of 
equations 9 and 10 with some light algebra, one obtains equation 12 below. 
    
 
    
(
  
  
)
    
              (12) 
With           (
  
  
)
    
                      (13) 
Clearly, then, dT at a given value of temperature is a decreasing function of the magnetic 
entropy. It is for this reason that the magnetic entropy is one of the ways in which the 
magnetocaloric effect can be studied. In the case of thin films, moreover, direct measures 
of temperature change can be very difficult, and as such the indirect method of 
computing the magnetic entropy in equation 13 will be the focus of this work. 
 There are, however, additional considerations which were not mentioned in the 
above discussion, which made no assumptions on the forms of the thermodynamic 
potentials nor included interactions between the magnetic subsystem of the material and 
other components. The total entropy of a magnetic material is, at constant pressure, the 
sum of the lattice, electronic and magnetic contributions, and can be expressed as in 
equation 14 (23). 
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S(H,T)= SM(H,T) + Sl(H,T) +Se(H,T)           (14) 
where, in general, the three contributions all depend on field as well as temperature. To 
first approximation, we ignore the field dependence of the electronic and lattice 
contributions, but note that, as 
C = CH + CL + CE              (15) 
the lattice and electronic contributions will act as an intrinsic heat load (19), thus 
reducing the increase in temperature that one would predict from purely magnetic 
measurements. 
 It can also be shown that, more generally, there exists a second, isofield term in 
the magnetic entropy expression (19) as equation 16, 
        ∫ (
  (      )
  
)
 
    
 
   ∫
  (   )
 
    
 
           (16) 
where  (
  (      )
  
)
 
   is the expression for     stated previously. In the 
magnetocaloric literature, it is this value which is measured and discussed as magnetic 
entropy, and following such a trend and (19), magnetic entropy will always refer to this 
quantity in this work. 
The effect of the second term in equation 16 however, is subtle, and is understood 
most easily by considering the entropy versus temperature diagram in Fig 1-1. 
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Figure 1-1 The entropy changes in a magnetocaloric material has two components. 
 
Figure 1-1 shows the mechanism by which the magnetocaloric effect changes the 
temperature of the material in response to a magnetic field. The first step, in going from 
H=0 to a nonzero applied field, the isothermal magnetic entropy decreases for 
ferromagnetic and paramagnetic materials (this is denoted by the jump between points 1 
and 2). The result of such a decrease in entropy for an adiabatic process is an increase in 
temperature, from points 2 to 3, thus increasing the magnetic entropy at constant field. As 
the field is removed, the cycle resets to point 1, releasing heat to an external load. 
The magnetic entropy change measured is not the total magnetic entropy change 
of the process. It can be shown, however, that the temperature change is directly 
proportional to the change in SM as defined in Equation 13, also obtainable by integrating 
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the Maxwell equation 4 in terms of H, and not to SMtot as defined in Equation 16 (23). 
These facts make the isothermal change in magnetic entropy an effective, though indirect, 
probe of the magnetocaloric response of a material to an applied field, (additional 
considerations are required for first-order transitions). Second, Figure 1-1 implies a 
thermodynamic cycle, it is this cycle that will form the basis of magnetocaloric cooling 
applications, discussed in the next section. The general form of the magnetic entropy 
curve is as shown in Figure 1-2. 
0 50 100 150 200 250 300 350
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Figure 1-2 The shape of magnetic entropy curves is seen as the above graph of -∆S for a 
bulk FeCoCrNiPd0.25 
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1.3-The Operating Theory of Magnetic Refrigeration 
 An example refrigeration cycle for a magnetic refrigerator is shown in Figure  
1-3.  
 
Figure 1-3 A magnetocaloric material undergoing a magnetic refrigeration cycle.  
Adapted from Talbott, National Institute of Standards and Technology. 
 
Starting from point a, the material is in its ground state with spins disordered and field 
off. As the field is applied, the magnetic entropy decreases. The total entropy, however, 
of an adiabatic process, must be zero, so the lattice entropy increases in response, 
resulting in an increase in temperature as the process moves from point a to point b. The 
material now being of higher temperature than the load, heat will flow to the load, 
reducing the temperature of the magnetocaloric material as the process moves from b to 
c. The field is now turned off, and the spins are free to randomize, increasing the 
magnetic entropy. The lattice entropy again reacts, and decreases to keep the total 
entropy equal to zero. In  so doing, the temperature of the material decreases at point c. 
At this point, the material is at a lower temperature, and can accept heat from an external 
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load, bringing it back to point a. This is the basis of magnetic refrigeration, and is very 
similar to the adiabatic-isothermal vapor compression cycle used in standard refrigeration 
technology.  
 The efficacy of a magnetic material as a refrigerant , called the relative cooling 
power, can be determined from integrating  SM with respect to temperature over the 
temperature range defining the full width at half maximum (FWHM) of the magnetic 
entropy curve (24) (25). An additional method was suggested by Gschneidner, and 
defines RCP as the FWHM multiplied by the peak entropy value (19). The lower and 
upper bounds, then, of the FWHM curves represent the cold and hot temperatures in 
Figure 1-3, making them the analogues of the heat sink and heat source in the 
conventional refrigeration cycle. The RCP definition used in this work is that defined by 
Gschneidner unless stated otherwise. 
1.4-Survey of Previous Results and Literature 
 Novel properties often result from the nanostructuring of various materials (16) 
and it is from this fact that we investigate the fabrication of magnetocaloric materials in 
thin film form. All of our previous studies have shown that thin film magnetocaloric 
materials show a decrease in peak magnetic entropy from that expected in bulk, but show 
an enhanced FWHM value, as shown in Figure 1-4 (26) (27). 
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Figure 1-4 The -∆S curve for MgO/[W(50Å)/Gd(300Å)]8/W(50Å) annealed to 600ºC 
shows an increased FWHM over bulk Gd. 
 
The RCP value for bulk Gd at ∆H=2T is 1.4 J/cc (20), while that of the sample in Figure 
1-4 is 1.1 J/cc for the same field change. The FWHM increased to 90K (bulk Gd ~40K), 
but the peak entropy value decreased. The increase in FWHM is an encouraging sign, but 
without a corresponding increase in -∆S, the cooling power obtained from such a sample 
requires the use of the wider FWHM as the operational temperature range. As such, 
finding the source of the diminished -∆S (27), and attempting to boost it, is a major goal 
of this research, and will be taken up in Chapter 4. 
 The boosting of the Gd moment could be done by boosting the magnetic moment 
of the Gd atoms at the interfaces (27), and this boosted magnetization has been observed 
in some Gd/Fe superlattices (18), with the use of XRMS and XMCD. In addition to the 
previous study by Choi et al (18) and those by Miller (26) and Kirby (27), the trends of 
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diminished magnetization of Gd when multilayered with a nonmagnetic interface 
(Yttrium in these cases) has been observed by Vettier et al (28) and Kwo et al (29), while 
the boosting of Gd at Fe interfaces was also seen by Ishimatsu et al (30). 
 Camley and Tilley conducted a study in 1988 (31), in which they used ginzberg-
landau, macroscopic and microscopic approaches to investigate the properties of Gd/Fe 
superlattices. They found that the Gd and Fe tend to align antiferromagnetically, and that 
with temperature the state can change from Gd and Fe being antiferromagnetically 
coupled to one where both moments twist within the plane. Camley, using mean field 
theory, also found that the Gd and Fe moments could be pointed at an angle to the field in 
single layer Gd films grown on Fe (32). These theoretical results were later observed by 
Haskel et al (33) with the use of XMCD techniques, among others.  
 The references above are by no means exhaustive, but they do provide evidence 
of magnetic transitions of the in-plane angle of the Gd and Fe magnetizations relative to 
the applied field in such systems. These transitions may pose an issue for a 
magnetocaloric investigation, as they will register as a change in the derivative of 
magnetization of the sample with temperature, but may not represent a true 
magnetocaloric effect. All the same, these systems provide a method to boost the 
interfacial Gd magnetic moment which we hope will develop as an avenue to improve the 
magnetocaloric response of Gd thin films. 
 The sample shown in Figure 1-4 was annealed to 600ºC. Annealing at 
successively higher temperatures improves the magnetocaloric responses of Gd thin films 
and brings the values of Tpeak closer to bulk values, as shown in Figure 1-5 
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Figure 1-5 The effect of annealing on MgO/W(50 Å)/[Gd(300 Å)/W(50 Å)]8 is an 
increase of -∆S and a shifting of Tpeak toward the bulk Gd Tpeak of 293K. 
 
A consistent problem, however, in such studies was the complete loss of magnetocaloric 
properties in samples annealed to temperatures higher than 450ºC outside of the 
deposition chamber. At times, annealing or high temperature growth would result in 
oxidized films as well. These films would be characterized by diamagnetic behavior in M 
vs. H measurements and a color change in the sample itself, as shown in Figure 1-6.  
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Figure 1-6 Increasing temperature annealing produces a color change at higher 
temperatures. 
 
These observations are unsurprising from the literature. W. Cai did a study on the 
effects of annealing temperature on the Tc of Gd thin films by way of resistivity 
measurements. Their findings were that annealing to as high a temperature as 573K for 
30 minutes had no effect on the value of Tc (34). This result contradicts the figure above, 
but also a previous study by Nakamura et al, which found that the estimated Curie 
temperature changed from 273K to 293K with annealing temperature, and that such a 
variation is correlated with the relaxation of imperfections within the film (35). The 
Nakamura study indicated that annealing temperatures in excess of 600ºC may be needed 
to obtain a bulk like Tc, which provides a plausible explanation of the more bulk-like 
MCE in samples annealed at higher temperatures. 
 The differences between these studies can be understood as a balance between the 
oxidation of a gadolinium film, and the fact that Tc is reduced in Gd by impurities by the 
modulation of the exchange interaction due to the scattering factor of the impurity (36). 
The Cai study was done with MBE and pre-chamber gettering, while the Nakamura study 
was done with rf sputtering and no gettering process on a glass substrate. 
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 The effect of strain and imperfections on the magnetic properties of Gd films was 
also seen by Stetter et al. where they found a 16K decrease in the Tc value from bulk with 
as-deposited films (38). Their result was compared with Monte Carlo simulations (39), 
which suggest that a 5% defect concentration (consistent with the LEED pattern in ref 38) 
could lead to a 15K decline in the film’s Tc relative to bulk Gd. Clearly, then, some sort 
of high temperature treatment seems necessary to relieve lattice strain as our previous 
studies, along with those of Cai and Mehanna (37) suggest that as-deposited Gd films do 
not have bulk like Tc values unless they are highly perfect as in Cai et al (34). 
 The effect of annealing is clear; it relaxes the lattice and introduces more bulk-
like magnetic properties. The negative side of this is that it also increases the reactivity of 
Gd toward oxygen, as shown by Figure 1-6, which is already such that room temperature 
films can show an oxide layer comparable in thickness to the Gd layer (34). We then ask, 
could the same effect be produced by high temperature growth with protective gettering 
instead of post-deposition annealing? Cai et al. (34) have already suggested gettering is 
helpful to producing high quality films, which is an easily implemented processing step. 
Farle et al. (40) (41) showed that finite size effects relax at lower thickness for Gd films 
grown at higher temperatures. As such, the answer to the question of whether growth 
temperature and pre-deposition gettering could be effective measures for producing 
quality Gd films appears to be yes. This question will be the subject of Chapter 3. 
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The process of cleaning and sample deposition is explained, along with some common 
pitfalls that we have noticed in the course of these studies. The basic theory of the VSM 
is explained along with some standard measurement protocols. X-ray diffraction is 
introduced, and multiple techniques are developed in theory and practice. 
2.1- Cleaning of Substrates 
We typically use three different sizes of substrates for our experiments, 1cm by 1cm 
squares for structural characterization, and 3mm squares or 3mm by 5mm rectangles for 
magnetometry. MgO <100> substrates are ordered, and always in 1cm squares. MgO 
<100> substrates, unlike many others, cleave very easily along the <100> crystal plane. 
In practice, MgO can be cleaved by simply pressing a non-magnetic blade to an edge of 
the square. The cleave will propagate cleanly along the length. Silicon substrates are 
obtained from 3” or 4” wafers, and are diced to whatever size or shape is needed with a 
Microautomation dicing saw. A best practice regarding the dicing saw is to mount the 
wafer on the blue mounting tape polished side down. The reason for this is that the blue 
tape dissolves in acetone, while the residue from dicing up the wafer does not. Sample 
cleaning is far easier in this case. 
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Sapphire and MgO are typically used without any sample cleaning, as they come 
individually pre-packaged from a cleanroom environment. Films grown on MgO, 
however, show improved structural properties when heated to in the deposition chamber 
to 400-600ºC before deposition. There exist methods for cleaning the MgO substrates if 
necessary. Typically, these are cleaned with an ammonium hydroxide solution if some 
polishing slurry is left over from the factory. We have not observed this issue. 
Our standard process for cleaning silicon substrates starts with immersion in DI 
water for five minutes with sonication, followed by immersion in acetone and then 
methanol with sonication for five minutes each. After sonication with methanol, the 
samples are blown dry with N2 gas. If, upon inspection, the substrates appear dirty, they 
are re-cleaned. Sometimes, spots persist after multiple rounds of cleaning, usually 
because they have little affinity for the cleaning agents used. In this case alconox can be 
used, but it is absolutely vital that the substrates are rinsed thoroughly with DI water after 
the use of soap. Typically, they are placed under running DI water for ten minutes, then 
they, and the beaker containing them, are rinsed ten or more times, and another ten 
minutes of running DI water. The standard process is then repeated. 
2.2-Deposition of Thin Films 
We deposit thin films using an Orion ATC sputtering system made by AJA international. 
The system contains seven guns in a confocal arrangement, so that at a defined optimal 
height, the guns deposit a uniform film at any point of the substrate stage to about 1%. 
This optimal height is factory determined, as is found by setting the sample height to a 
reading of 20cm. Rotation guarantees uniformity, and we usually set the rotation to 
  
17 
 
47rpm (the maximum possible for our system). Note that should a thickness gradient be 
desired, deposition without rotation is a feasible option (though this only works at room 
temperature, as heating without rotation will warp the sample stage). 
 Sputtering begins by generating a plasma. The plasma is generated by a pulse of 
high voltage to the target. Freely floating electrons collide with Ar atoms, forming Ar
+
 
ions. The Ar
+
 ions are then attracted to the negatively charged target and those ions that 
collide with sufficient energy eject atoms from the target in all directions. The
 
substrate is 
coated with the ejected atoms, along with the rest of the chamber. 
 There are a few practical notes which are worth highlighting here. The first is that 
targets which react with unwanted gases present in residual quantities can be used to 
clean, or getter, the chamber. Niobium, gadolinium and tantalum are all effective 
gettering compounds at high temperatures. Second, is that the plasma actually completes 
the circuit between cathode and anode. If a plasma fails to light, and shows high voltage 
and no current, a possible problem is demagnetization of the magnets, which makes the 
plasma difficult to sustain. A set of 3 magnets should have a magnetization of greater 
than 3.5 kG. The problem could also be a short in the gun. This can be detected by 
measuring resistance via the gun’s power input N-type connector; a value of 2MΩ is 
expected between the anode and cathode.  
 The sputtering process begins immediately after cleaning the substrates. The 
cleaned substrates are attached to a substrate holder and placed into our load lock. The 
load lock has room for six substrate holders and can reach pressures as low as 10
-6 
-10
-7 
torr. We wait at least 30 minutes before transferring the substrates from the load lock into 
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the main chamber to let them degas and pump heavier gasses from the load lock. After 
this period, we transfer a substrate into the main chamber, set the working height to 20cm 
and begin pre-sputtering. 
 Presputtering is the method we use to clean the surface of the targets. We strike a 
plasma, but leave the shutter closed. In so doing, material is etched from the surface but 
not deposited on the substrate. The presputtering process is complete when the voltage 
readings from the power supplies stabilize at a constant value. The desired power and 
rotation is then set and deposition proceeds with the shutter open. Deposition is finished 
when the desired thickness is reached, determined by a previous rate calibration. Rate 
calibrations proceed by determining the thickness of a calibration sample by x-ray 
reflectivity (XRR) and dividing by the time taken to deposit it. XRR will be discussed in 
section 5. 
2.3- Brief Introduction to the Theory of Vibrating Sample 
Magnetometry 
All magnetic measurements were done using a Quantum Design Physical Property 
Measurement System PPMS with a vibrating sample magnetometer (VSM) attachment. 
The measurement proceeds by attaching a sample to a quartz paddle and mounting it on a 
sample rod. The sample is then put into the VSM, where it sits in the center of a coil of 
wire. 
 The measurement of sample magnetization is indirect, and follows from Lenz’s 
law. If a magnetized sample is moved through a coil of wire, where the sample height is 
  
19 
 
denoted by z and time by t, the magnitude of the voltage induced is given by equations 1 
and 2, seen below and from the VSM manual (42). 
 Vcoil = 
  
  
                        (1) 
 Vcoil = (
  
  
) (
  
  
)             (2) 
Equation 2 is obtained from equation 1 by use of the chain rule. If position varies with 
time at a known sinusoidal frequency, this expression becomes, 
 Vcoil =2πfCmAsin(2πft)               (3) 
where C is a coupling constant, f is the oscillation frequency, A is the amplitude of 
oscillation and m is the sample magnetization. The amplitude and frequency are 
programmable and known to high accuracy. In this work, A=2mm and f=40Hz. C is 
determined by calibration with a Pd sphere. As such, by measuring Vcoil a highly accurate 
value of m can be attained. 
2.4- VSM methodology and Practical Considerations 
The first step in any magnetometry measurement is mounting the sample. In all of the 
measurements in this study, we used a quartz paddle, provided by Quantum Design. The 
size of the sample, as well how the sample is mounted, is very important. For samples of 
length and diameter each less than 3mm, the choice of amplitude is not important, as the 
induced error is 1% or less, while for larger samples error introduced by amplitude of 
oscillation increases as the amplitude increases. Further, the radial offset error is larger 
for larger samples, but negligibly so for most measurements as it introduces an error of 
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approximately 0.7%. The radial offset error itself, however, is not negligible, introducing 
1% error for a 1mm deviation from the coil centerline and a 3% error for a 2mm 
deviation (43). Section 3.3 of the VSM user’s manual contains more information about 
such errors, and the interested reader is pointed to it for a more comprehensive treatment. 
 Clearly, then, the position at which the sample is mounted is important. An 
additional point regarding sample mounting is that what the sample is mounted with can 
also affect a measurement dramatically. Kapton tape, for instance has a ferromagnetic 
signature at room temperature. This can be minimized by using a thin slice of kapton tape 
on the entire paddle, which will eliminate any Kapton  tape contribution of the measured 
magnetization (this also works more generally, as it means the tape will contribute no 
change in flux through the coilset). Teflon, and other agents used to wrap the sample, can 
trap oxygen and thus produce a strong peak at around 50K. An example of this is shown 
in Figure 2-1. We currently mount samples by using double sided tape with small dabs of 
cyanoacrylate based glue (gorilla glue®, impact resistant formula). Care is taken to 
deliver the glue in small dabs with a toothpick, as large quantities can deteriorate thin 
films. 
 Upon mounting the sample, the quartz paddle is screwed onto the sample rod, 
which is inserted into the VSM module. The VSM software approximates the sample as a 
point dipole, and as such, the sample must be centered. Coarse centering is done with the 
mounting mirror, but fine centering is done by moving the sample through the height of 
the coil and finding the maximum signal. This process determines the offset in the z-
direction. With some low moment samples, a field may need to be applied or the 
temperature may need to be reduced (for paramagnetic samples at RT). After finding the 
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offset, the paddle is lowered until it just touches the bottom of the coil. This process, 
called touchdown, is important as it tells the software how far the sample center is from 
the bottom of the rod. 
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Figure 2-1 Teflon tape traps oxygen, producing a strong peak at around 50K 
 
 Measurements can proceed in three modes: persistent, driven and sweep. 
Persistent mode slowly approaches the desired field value and then shuts off the current 
to the superconductor, driven maintains the current plus or minus 5 Oe and sweep 
continuously changes the field at a user-defined rate and measures continuously. We find 
driven to be the ideal compromise, as it avoids numerical problems from the nonuniform 
field steps in sweep mode, but is faster than persistent mode. Unless stated otherwise, all 
measurements were performed with the magnet in driven mode.  
  
22 
 
2.4.1- Magnetization (M) vs. Applied Field (H) Measurements 
MH measurements are typically made in driven mode, and at constant temperature and 
pressure. Upon reaching the desired temperature, the measurement proceeds from the 
maximum applied field value down to the lowest, and then back to the maximum. In 
practice, driven mode is used for the loop area, because various artifacts including 
apparent exchange bias can appear as a result of sweeping too fast. Sweep mode can be 
used, however, beyond the saturation field to save time. An example of driven vs. sweep 
is shown in Figure 2-2.  
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Figure 2-2 The MH curves show identical high field behavior, but deviate significantly 
around the loop 
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2.4.2- Magnetization (M) Vs. Temperature (T) Measurements  
These measurements, referred to as “MT” are done with the field constant and a changing 
temperature. We measure from low temperature to high temperature in a sweep mode of 
2K/min for sensitive measurements and 5-10K/min for coarse measurements. The sample 
can be cooled in no field, called “zero field cooled”, or cooled in a field, called “field 
cooled”. Field cooling can affect the properties of many magnetic materials. In the case 
of second order transitions, however, the phase change is reversible. One major use of 
MT measurements is estimation of the transition temperature for a subsequent MCE. A 
method commonly used to estimate the transition is to fit a straight line to the inflection 
region and use the x-intercept as an estimate of TC. It must be noted that higher fields will 
tend to shift the curves, as seen in Figure 2-3. While the transition is sharper at zero or 
low applied fields, higher fields will result in a shifting of the estimated transition to 
higher temperatures. As such, for determinations of Tc, lower fields give the best probe of 
the actual value of Tc. 
Figure 2-3 Higher values of H result in successively higher approximations for the 
transition temperature with this method. 
50 100 150 200 250 300
0
5
10
15
20
25
 
 
M
(e
m
u
/g
)
T (K)
 500 Oe
 2500 Oe
 10000 Oe
 20000 Oe
  
24 
 
2.4.3- Magnetocaloric Effect Measurements 
As discussed in chapter one, for second order transitions it suffice to compute the value 
of the isothermal change in magnetic entropy by integrating the appropriate Maxwell 
equation, as shown below. 
     ∫ (
  (      )
  
)
 
    
 
                (4) 
 We accomplish this by measuring the space defined by the variable M,H and T as 
a series of isothermal MH curves, measured from a small negative field value to a 
maximum field. The field steps are 250 Oe or less prior to saturation, and 1000-5000 Oe  
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Figure 2-4 The set of isothermal MH loops of a Gd film (left) is the product of an MCE 
measurement. If the curves are sliced along a line of constant field (red line) and replotted 
as a function of temperature, the MT curve on the right is obtained. Here, ∆T=10K. 
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after saturation. In practice, 2T and 5T are excellent choices for an ending field, as they 
are common values of ∆H from the magnetocaloric effect literature. A sample result for 
this measurement is shown in Figure 2-4. 
The computation of -∆S begins with the MT curve. The quantity (
  (      )
  
)
 
 
is computed by a symmetric difference quotient. In the case of non-uniform temperature 
steps, an appropriate interpolant is necessary. The resulting family of differentiated 
curves are then integrated from H=0 to H=H’ at each temperature to yield the magnetic 
entropy vs. temperature curves for ∆H=H’. The numerical method used to integrate the 
differentiated MT curves is the standard trapezoidal rule approximation. The result is a 
quantity with units erg/K, which is then converted to J/K and further normalized by mass 
to get the J/kgK seen in our -∆S plots. 
 A practical consideration should be noted regarding sweep rates. We haven’t 
found a major difference in the results of using a 20 Oe/sec sweep with continuous data 
acquisition vs. a 280 Oe/sec rate of field increase, but pausing at each field in driven 
mode. This shouldn’t be surprising, as the barrier for adiabatic field changes is thousands 
of Oe/sec (44), making everything we do practically isothermal. As such, all 
measurements that we conduct are in the isothermal regime. The averaging time, 
however, does matter, and in practice we average for 3-5 seconds for thin film samples. 
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2.5- X-ray diffraction Methods 
X-ray diffraction is one of the most ubiquitous and versatile techniques in the 
characterization of solid-state materials. The basic phenomenon is illustrated in Figure 2-
5. 
 
Figure 2-5 The path length difference between two incoming X-ray beams is 
2dsin(θ).Mario Birkholz: Thin Film Scattering by X-ray Diffraction.Page 10. 2006. 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 
 
Figure 2-5 shows that the difference in path length between X-ray beams incident 
on a stack of atomic planes is 2d sinθ. The condition for constructive interference of two 
waves is that they must be shifted by an integral number of wavelengths. Putting these 
pieces together, the Bragg equation obtains as in equation 5, 
nλ = 2d sinθ                                   (5) 
where n is the index of the reflection, λ is the wavelength of incoming radiation, d is the 
spacing between planes and θ is the incident angle between the incoming ray and surface. 
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Different lattice planes can be defined by tilting the sample in various ways, an example 
of this shown in Figure 2-6. 
 
Figure 2-6 Different lattice planes of a simple cube. The (110) and (111) planes are 
shown. Mario Birkholz: Thin Film Scattering by X-ray Diffraction.Page 9. 
2006.Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 
 
Different planes lead to different d-spacings, and hence for constructive interference for 
different values of θ. These planes, and their corresponding reflections, are indexed by 
miller indices. For cubic systems, an (hkl) reflection of a cubic system with side a, and 
origin at an arbitrary corner, (a/h, a/k, a/l) now denote the points of intersection of the cell 
edges with the lattice planes (as shown in Figure 2-6). 
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Figure 2-7 An incoming photon with wavevector K0, reflecting with wavevector K will 
have momentum transfer Q= (4π/λ)sin(θ). Mario Birkholz: Thin Film Scattering by X-ray 
Diffraction. Page 6. 2006. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission. 
 
 An equivalent way of stating the diffraction condition above is in terms of the 
momentum transfer vector, Q, as shown in Figure 2-7. A diffraction maximum will occur 
when the momentum transfer vector, Q, is parallel to the surface normal. This is 
equivalent to the Bragg condition, but is a more useful formalism when in-plane 
diffraction techniques are being used. It also leads to a very important consideration in 
sample alignment, which will be discussed in the next subsection. 
2.5.1- Sample Mounting and Alignment 
The Bragg-Brentano geometry is the standard geometry for powder X-ray 
diffractometers, and is diagrammed in Figure 2-8. The conditions stated in Figure 2-8, 
along with the condition that scattering maxima occur when Q is parallel to the surface 
normal lead to some alignment concerns. First, a serious consideration is that the sample 
must be in the focal plane, as height misalignment can lead to a shift in the 2θ values 
recorded for each peak. If the sample is canted at some angle relative to the focal plane, 
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all peaks will shift by this angle (45). As such, measures must be taken to ensure the 
sample is aligned. The alignment procedure can be done on as few as one or as many as 
six different parameters. Figure 2-9 defines the different axes in an Euler cradle (four 
circle goniometer). 
 
 
Figure 2-8 The Bragg-Brentano geometry requires the sample to be at the center of the 
goniometer circle. Mario Birkholz: Thin Film Scattering by X-ray Diffraction. Page 15. 
2006.Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission 
 
In Figure 2-9, ω and 2θ correspond to the incident and exiting angles of the X-ray beam, 
and define Q. The ψ angle tilts the surface normal away from the Q vector, and the Φ axis 
is parallel to Q. Each of these angles, along with the sample height, must be optimized. 
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Figure 2-9 The four circle goniometer Mario Birkholz: Thin Film Scattering by X-ray 
Diffraction. Page 15. 2006.Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission 
 
 The first step in sample alignment is to ensure that the source is in front of the 
detector. This is done by holding the source fixed and sweeping the detector, called a 2θ 
scan. The peak position is set as the zero point in 2θ. Then the stage is moved along the z-
axis (height), and is positioned at the z-value which results in a bisection of the direct 
beam intensity. An omega (sample tilt) scan around ω=0 must then be performed, as 
misalignment in ω can cause issues in Z, and vice versa. After further repetition of Z and 
omega scans show no further change in peak positions, attention is shifted to ω and ψ. 
 This  next alignment is to correct for any sort of tilting that may exist between the 
surface normal and Q. Low angles are used for this, typically 2θ ranges from 0.6-1.5º, 
and ω is set to exactly half. An omega scan is then done, and the peak position in ω is 
defined as half of 2θ (this corrects to offset), and then a psi scan is done around ψ=0. The 
Ψ peak position is set to ψ=0, and the ω/ψ scans are repeated until further scans show no 
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further shift in peak position. The X and Y positions can also be scanned to ensure that 
the sample is in the center of the stage. 
2.5.2- Wide Angle X-ray Diffraction 
A wide angle XRD scan is conducted in the 2θ/ω mode. This mode moves the detector 
and source at the same speeds, like any other symmetric scan, but preserves the omega 
offset found in the alignment procedure. Alternately, a series of 2θ/ω and ω scans can be 
done on the substrate peak to optimize the alignment. An example of a wide angle scan is 
shown in Figure 2-10, with peaks determined by the Bragg condition. 
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Figure 2-10 A sample wide angle XRD scan of a single layer of gadolinium on silicon 
  
A condition that we have noticed in our work with both diffractometers available 
(a Bruker D8 and a Phillips X’Pert) to us is the presence of spurious peaks. Figure 2-11 
shows an example of such peaks from the X’pert. The peaks labeled A and B are seen in 
a Si/SiOx substrate, a Si/SiOx/Ta(50Å)/[Gd(200Å)/Fe(10Å)]8/Ta(50Å) heterostructure, 
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and a Si/SiOx/Ta(50Å)/Gd(300Å)/Ta(50Å) film, implying that they are unlikely to be 
genuine or to be due to the substrate. This will be an issue in Chapter 4. 
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Figure 2-11 The X-ray diffraction pattern shows that a Si substrate, Gd single layer film 
and Fe/Gd superlattice all show peaks labeled "A" and "B". 
 
2.5.3- In Plane Diffraction-Phi Scans 
It is also possible to determine the in-plane orientations of the crystallites in a thin film. 
This is done by varying the angles ψ and Φ, and will be explained by example of a 
Magnetite film grown on MgO. Suppose it was necessary to know if the crystallites in a 
thin film were rotated relative to the substrate. One way to answer this is by doing a phi 
scan of both the substrate and the thin film, and comparing the relative positions of the 
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peaks observed. It is absolutely vital, however, that in-plane scans be done in point focus, 
and not line focus, as line focus will cause longer scan times and a decline in quality (45). 
 The (002) reflection in MgO occurs at 43.006º in 2θ for Cu Kα radiation. The first 
step, then, would be to set 2θ = 43.006º and ω=21.503, ensuring that the Q vector is 
parallel to the (002) surface normal. Next, we consider the in plane angle between (002) 
and another reflection, say (311). The Ψ angle is found by the dotting the (311) and (002) 
vectors together, and solving for the angle they define. This angle is Ψ, and in the case of 
(311) dotted into (002), the resulting Ψ angle is 25.2º. Ψ is set to 25.2°, and with all three 
positions keyed in, the sample is rotated a full 360º about the Φ axis. The magnetite 
would then be set to its expected 2θ and ω values, and the same ψ value as the film. The 
phi scan is repeated, and the results would be compared. 
 A problem exists with magnetite films grown on MgO, however, and a slight 
alteration of the procedure is necessary. The reason is that MgO, a strong substrate peak, 
occurs very close to the magnetite 004 reflection (sometimes overshadowing it entirely). 
The (113) and (011) reflections, however, occur at very different 2θ values, so we instead 
start here and tilt by the appropriate angle between the starting reflection and the (001), 
which we still find the same way with the dot product. An example of this procedure, 
which was also used by Li and Zhang (46) follows in the next paragraph. 
 The MgO (311) reflection is expected at 74.869º in 2θ for Cu     radiation. A 
small 2θ/ω scan was done around the expected range with ψ=25.28º and φ=45º. The 
center of the peak in φ and ψ are taken to be 25.28º and 45º respectively. A full 360º is 
scanned in phi, and this procedure is repeated for the magnetite (311) reflection at 
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2θ=35.47º. Figure 2-12 is a typical result of such a measurement, and shows the (311) 
axes in both the MgO and magnetite to be parallel to excellent accuracy. 
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Figure 2-12 A phi scan with ψ=25.28º starting from the (311) plane in 2θ reveals the 
(311) crystal axes of substrate and film are aligned 
 
2.5.4- Low Angle X-ray Diffraction: Reflectivity 
 Lower angles correlate to greater lattice spacings, typically on the order of tens to 
hundreds of angstroms. While this may not correspond to the spacings in unit cells, it 
does correspond to the thicknesses of many thin films grown in research and industry. A 
sample reflectivity curve is shown in Figure 2-13. 
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Figure 2-13 A reflectivity scan of Ta(50Å)Gd(300Å)/Ta(50Å) on an oxidized Si substrate. 
The high frequency oscillations correspond to the thicker Gd layer. 
 
 The spacing between fringes corresponds to the thickness of a given layer or 
layers in the film. The low frequency oscillations correspond to the tantalum layers, while 
the high frequency corresponds to the thicker Gd layer. The actual thickness can be 
determined from the modified Bragg equation (45) (47) 
(  
 )   (
  
  
)
 
 (  
 )        (6) 
by plotting (  
 ) versus m2, where θm is the angle at which a maximum occurs, t is the 
film thickness, λ is the wavelength of the radiation used, m is the index of the maximum 
(the indices must be numbered from the critical edge) and θc is the critical angle. In 
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practice, the Bragg equation can also be used at sufficiently high angles, as deviations are 
only significant at small angles (45) (47), in which case the plot is of n, the fringe index, 
versus 
     
 
, with the resulting slope equal to the film thickness. Here, the n=1 fringe can 
be named arbitrarily. 
 Other features of the reflectivity curves can yield a great deal of knowledge about 
the structure of a sample (45). Fitting the curves to a theoretical model, such as SupReX, 
is necessary to do so, and while such models will not be discussed in depth, the effects of 
some of the relevant variables can be described qualitatively. The electronic density of 
the material will have the effect of pushing the critical edge toward higher Q values for 
higher Z atoms. Layers of different thicknesses produce oscillations of different 
frequency in an XRR measurement such that high frequency corresponds to higher 
thickness. There is an upper limit to how high a frequency can be resolved by a given 
diffractometer, ours has measured films up to 1500Å thick reliably, but we have not 
pushed it further. Roughness will attenuate the signal, bringing the peak intensities of all 
oscillations lower and restricting how long the oscillations will persist.   
 The best practice for an XRR scan is to use a parallel beam geometry, 
accomplished by the use of a Gobel mirror for the incident beam side. The Gobel mirror 
forces the incoming radiation to approach the sample such that all beams are virtually 
parallel (48). The reduced beam divergence is a critical factor in quantitative thin-film X-
ray analysis. 
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We note a strong effect of annealing Gd thin films from our previous work. The effect of 
annealing on oxidation was studied with wide-angle x-ray diffraction in section 2, in 
which we found a strong tendency for Gd films to oxidize if placed in a sample 
environment with residual oxygen. We then explored high temperature growth as a viable 
option to avoid such oxidation while preserving the improved properties seen in annealed 
Gd. Our data show that later samples have less oxide than earlier samples when no 
chamber preparation is done, but that this effect is minimized when the chamber is 
gettered.  
3.1- Motivation and Goals of the Optimization study 
Gadolinium is a reactive rare earth element, and as such care must be taken in processing 
it. A consistent issue in our gadolinium thin film studies has been the oxidation of the 
deposited films and, in turn, a diminishing magnetocaloric response and Tc of the 
material. In previous studies (27) , annealing of Gd films and multilayers to 600ºC greatly 
improved the magnetocaloric properties of the films, but these involved tungsten capping 
and base layers. Tungsten is not, however, an ideal choice for this application as it tends 
to flake inside of the deposition chamber, which increases maintenance needs and can 
damage the turbopump. As such, a material which doesn’t flake but retains the properties 
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of an effective barrier layer and is immiscible with gadolinium is desired. The question of 
immiscibility is answered in Figure 3-1. 
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Figure 3-1 The atomic % of Ta in Gd heated to high temperature and then rapidly 
quenched is very low. Adapted from data presented from Garg et. al. (49) 
 
Figure 3-1 shows negligible alloying of Ta and Gd for temperatures as high as 
1650ºC (49). This is a critical consideration, for all of the analysis done in this Chapter 
assumes Ta does not alloy with Gd at any of the temperatures considered. This 
assumption proves reasonable and Figure 3-1 shows that Ta is just as effective as W 
when immiscibility is considered. The next question regards how well Ta works as an 
oxygen barrier.   
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Tantalum is known for its ability to act as an oxygen barrier below 300ºC, and 
also deposits amorphously at low thicknesses (50), making it a versatile and desirable 
substitute for tungsten as an oxidation barrier at room temperature. The samples capped 
with tantalum, however, oxidized completely in all preliminary studies when grown 
above 450°C. The samples took on a green color, and had MH curves much like Figure 
3-2, which follows. 
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Figure 3-2 The 600ºC deposited sample (top) shows a dominant signal from the 
diamagnetic substrate, in comparison to the ferromagnetic 300ºC deposited sample 
(bottom). 
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The unnormalized curves in Figure 3-2 show the drastic effect of oxidation at 
high temperatures on the magnetic properties of Gd thin films. Gd films subject to high 
temperatures oxidize if they are not protected, but films deposited at room temperature 
show a drastic reduction in the quality of their magnetocaloric properties. It is this trade-
off which motivates much of the current chapter. We consider whether it possible to 
optimize the magnetocaloric properties of Gd thin films with deposition temperature 
instead of annealing and whether the risk of oxidation at high temperatures can be 
eliminated by chamber gettering. 
3.2-Results of Tube Furnace Annealing 
An early annealing study was done by annealing different samples, all grown 
simultaneously, in a tube furnace under the flow of argon gas. We cleaned the samples 
with the standard process and then deposited by magnetron sputtering at a base pressure 
of approximately 3x10
-8 
torr. The deposition was from 99.99% REQ Gd and 99.99% 
purity Ta targets, using UHP Ar as a process gas. We presputtered the samples until the 
voltage and readings across the targets were constant. After presputtering, we deposited 
Ta and Gd sequentially at a working pressure of 3mTorr to fabricate a set of 
Si/SiOx/Ta(40Å)/Gd(1000Å)/Ta(200Å) samples.  
 We annealed these samples in a Thermo Scientific Lindbergh Blue M tube 
furnace. Each sample was annealed separately. Prior to annealing, we flowed industrial 
grade argon through the tube for 30 minutes as an oxygen purge. We annealed the 
samples one at a time, each one to a temperature of 200ºC, 320ºC, 440ºC, 560ºC, 680ºC, 
 
Figure 2.11- A wide angle XRD of a Gd thin film grown on Si, with peaks denoted 
by appropriate Miller indices 
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and 800°C with Ar flowing. Structural characterization was done by wide angle X-ray 
diffraction, the results of which are shown in Figures 3-3 and 3-4 
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Figure 3-3 The XRD spectra of Si/SiOx/Ta(40Å)/Gd(1000Å)/Ta(200Å), show an increase 
in Gd2O3 upon annealing to 200ºC. 
 
 Figure 3-3 shows the structural data for the unannealed and 200ºC annealed 
sample. The Gd(002) peak shifts with this anneal closer to its expected value of 30.911º. 
Even at these temperatures, there exists some oxide in the gadolinium. Tantalum oxide, 
however, is absent in any large quantity from the above spectra (expected at around 25º 
in 2θ).It stands to reason that if these samples oxidized in the furnace, the Ta capping 
layer should have oxidized first. This suggests that some degree of oxidation may be 
from the deposition process, and not from the annealing.  
  
42 
 
 This is in agreement with the literature, for example, Yoon et al (51) found a 
complete degradation of a Ta/Si system upon annealing to 450ºC, while Yin, et al (52) 
found that an atmosphere dependent tantalum oxide grew in the interlayer between Cu 
and Ta films grown on Si/SiO2 substrates. Upon annealing to 600ºC, they noticed a 
crystalline phase of Ta-Cu oxide. At lower temperatures, however, the Ta was stable. 
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Figure 3-4 XRD spectrum for Si/SiOx/Ta(40Å)/Gd(1000Å)/Ta(200Å) at all annealing 
temperatures. 
 
 The compiled X-ray diffraction data for all the annealed samples are shown 
above. There is a clear shift with annealing temperature from the Gd2O3 (111) FCC to 
(222) BCC phases in going from 200ºC to 320ºC, the latter persisting through all of the 
successive annealing temperatures. There is also an unidentified peak at 2θ=30.17, which 
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matches neither of Gd, GdO and Gd2O3 reference spectra. It is unlikely, however, that 
this is Gd, as this peak remains fairly constant into the 560ºC anneal and higher, where 
the Ta2O5 peak appears. The appearance of a tantalum oxide suggests the complete 
failure of the tantalum as an oxygen barrier. It is possible that the tantalum was thick 
enough so as to not oxidize completely, but the corresponding color change makes this 
interpretation unlikely. 
 Figures 3-3 and 3-4, along with the stated literature sources send a clear message 
that annealed Gd thin films are very sensitive to the annealing environment. Even though 
great care was taken to purge the tube thoroughly, all attempts at limiting oxidation were 
still inadequate. The discussion in Chapter 1 firmly established the need to subject Gd 
films to high temperature treatments, but the results from the annealing study suggest that 
there is a danger in performing such a treatment in a simple tube furnace without 
advanced oxidation prevention tactics (e.g., encasing the samples in Ta foil and vacuum 
sealing them in quartz bubbles).  
 We also have strong evidence that oxygen is being incorporated during the 
deposition process. To illustrate this most dramatically, recall that the 
Si/SiOx/Ta(50Å)/Gd(300Å)/Ta(50Å) grown at 600ºC was completely overwhelmed by 
the diamagnetic substrate (Figure 3-2). The XRD data for this sample is shown in Figure 
3-5. 
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Figure 3-5 XRD data for Si/SiOx/Ta(50Å)/Gd(300Å)/Ta(50Å) grown at 600ºC show 
GdO (111). 
 
 Figure 3-5 shows only one peak in the region described by Figures 3-3 and 3-4. 
The peak in Figure 3-5 corresponds to both GdO (111) FCC and Gd (111) FCC, but it is 
unlikely that this sample is Gd(111) FCC. The peak in Figure 3.5 is the only peak shown, 
which would imply that if this sample were Gd(111) FCC, it exists without any oxide. If 
so, one would not expect such a sample to have diamagnetic properties, as observed. The 
FCC phase was also not observed in previous studies (27) where we annealed a sample to 
the same temperature. 
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3.3- Fabrication of Gettered and Ungettered Samples 
We deposited each set of samples by magnetron sputtering of 99.99% purity Ta and 
99.95% rare earth equivalent Gd targets at 100W of DC and RF power, respectively. The 
base pressure was better than 3x10
-8
 torr, and the samples were deposited in 3mTorr Ar 
process gas. Each set has a sample grown at five different temperatures, 20ºC, 150ºC, 
300ºC, 450ºC and 600ºC In the ungettered case, the nominal structure of the samples is 
Si/SiOx/Ta(50Å)/Gd(300Å)/Ta(50Å), and in the gettered case the nominal structures are 
Si/SiOx/Ta(70Å)/Gd(300Å)/Ta(70Å), as determined by previous rate calibrations. We 
measured the thicknesses in both sets by XRR and noted the average Gd thickness was 
250Å in the ungettered set and 285Å for the gettered with 12% uncertainty (this will be 
discussed further in the reflectivity results section). 
 There were other differences between the ungettered and gettered preparations. 
The ungettered set was grown with a filled liquid nitrogen trap, while the gettered set was 
not. The first sample of the ungettered set was presputtered for ten minutes, while the rest 
were presputtered for five minutes (this might not have a major effect, but is worth 
noting). The first three samples of the ungettered set (600ºC,300ºC and 450ºC in order) 
were grown without opening the load lock to atmosphere, but the last two (150ºC and 
20ºC) were grown after opening it; this presents an additional opportunity for oxygen to 
enter the load lock. The samples were grown in the randomized order listed in order to 
separate the any effect of temporal order from actual effects of temperature. 
 We prepared the chamber by gettering for the second set. The gettering step 
proceeded first by inserting a sample holder with no substrate on it. We do this in order to 
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block the quartz heater element from incoming Ta and Gd flux. We set the temperature to 
400ºC and struck the Ta and Gd plasmas simultaneously. The ramping began 
immediately to 100W of DC and RF power, respectively, and the shutters were opened 
after the heater element thermometer read 300ºC. The point of doing this is to deposit Gd 
and Ta all over the chamber at high temperatures so it can react with residual oxygen and 
other contaminants that would affect our deposited films. After 20 minutes of gettering, 
the temperature is ramped down with the target powers. The plasmas are shut off when 
they reach 50W (approximately 3 minutes) and the dummy sample holder is removed 
when the thermometer reads 50ºC. 
 After gettering, we transferred the dummy sample holder out, and put the first 
“real” sample into the chamber with the Ar flowing at 20 sccm into the chamber and load 
lock. Upon setting the substrate into the chamber, the targets were again presputtered for 
ten minutes (with shutters closed), during which the desired temperature was set. After 
the set point temperature was reached, and presputtering completed, the deposition began 
under the same pressures and powers as the ungettered set. It is important to note that, 
due to lack of inconel substrate holders (which can withstand temperatures up to 1000ºC), 
the load lock had to be opened between each deposition. These samples were similarly 
grown in randomized order for the same reason as the ungettered set. 
 One difference between these sets deserves special mention. In the ungettered set, 
we pulled the samples from the main chamber into the load lock when the thermometer at 
the heater element (which is water cooled) read 100ºC, while the gettered samples were 
allowed to cool in the chamber for approximately four hours. They were typically 
removed when the thermometer read ~45ºC. This is an important distinction, as we 
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removed the dummy sample holders in the gettered set when the thermometer read 
approximately 100ºC, and they still turned red in the load lock within hours. This 
indicates that the load lock is permeable to oxygen. Sample temperature upon transferring 
out of the main chamber, then, is another factor which must be considered when 
attempting to grow high purity Gd thin films. 
 The color change is absent in the ungettered set, but this does not indicate that the 
same dangers were not present for this set. The dummy sample holders in the gettered set 
were deposited on for 20 minutes, aggregating much more film than the real sample 
holder which was typically deposited on for less time with one target at a time. The 
dummy sample holder was also in the load lock for the entirety of the real sample 
deposition, four hour in chamber cool-down and brief load lock cool-down. It is possible 
that the same color change could not have been seen in the gettered set. 
3.4- Structural Properties of Gettered and Ungettered Gd Films 
 We used wide and low angle X-ray diffraction to study the structure of both sets 
of Gd thin films. The wide angle spectra for the ungettered set are shown in Figure 3-6. 
These data show a dominant Gd2O3(111)  oxide phase, with no apparent trend with 
temperature, until the sample grown at 600ºC, which is exclusively GdO(111). When 
these same data are analyzed in terms of growth order, as in the bottom graph of Figure 
3-6, a trend emerges.  
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Figure 3-6 The ungettered XRD data in order of growth temperature (top)     show no 
discernable trend, but those in order of growth have a pattern (bottom). 
 
 There is a direct correlation of the relative size of the Gd2O3(111) to the 
Gd(002),and hence to the weight fractions, of these peaks with how far removed a sample 
is from the last vacuum break. If the temperature were the only variable at work, it would 
not make sense that the Gd/Gd2O3(111) peak ratio is larger in the 450ºC grown sample 
than in the 150ºC sample. Instead, the Gd/Gd2O3 ratio increases until the sample grown at 
room temperature, after which the load lock was opened. The oxide peak resurges in the 
150ºC sample, dropping the ratio, shown in Figure 3-7, and then shrinks again in the 
450ºC, which contradicts the assumption that growth temperature is the only variable at 
work in this study. The corresponding wide angle X-ray data for the gettered set are in 
Figure 3-8, in order of temperature and in order of growth. 
  
49 
 
1 2 3 4 5 6
0
1
2
3
4
5
6
7
 
 
G
d
/O
x
id
e
 r
a
ti
o
Sample number
300 
o
C
20 
o
C
150 
o
C
450 
o
C
600 
o
C
 
Figure 3-7 When analyzed in terms of growth order, the Gd/Oxide peak shows a trend, 
increasing until sample number 3, where we opened the load lock. The oxide then 
resurges and diminishes to the last sample. 
  
 The spectra for the gettered samples show a very different trend from that of the 
ungettered data in Figure 3-6, in that there is no apparent pattern to the heights of Gd 
(002) and Gd2O3 (111) when one analyzes this set by growth order. As temperature 
increases, on the other hand, the Gd films start with a preferred orientation of Gd(101) 
and shift to Gd(002) with an increase to 150ºC growth temperature. The Gd(002) peak 
grows higher in the 300ºC sample , but then starts to diminish as growth temperature 
increases until it virtually disappears in the sample grown at 600ºC. It is also worth 
noting that the Gd(002) peak increasingly moves to the right until it stabilizes at 
2θ=31.1º, indicating that the film is approaching an equilibrium lattice constant at 450ºC. 
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The Gd2O3 peak height also increases, then decreases, giving way to the GdO(111) peak. 
The GdO(111) peak does not appear until a growth temperature of 600ºC, just like the 
ungettered set, corroborating the assertion that the GdO(111) phase was a result of high 
temperatures in the previous sample sets and not of deposition or annealing order. 
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Figure 3-8 The XRD spectra for the gettered set show an increase in the Gd (002) peak 
until 300ºC, after which it begins to diminish. They are in order of temperature (top) and 
growth (bottom). 
 
 The structural data points to a number of conclusions. The first is that, absent any 
sort of gettering, trace amounts of oxygen in the chamber cause the order in which the 
films are grown to matter a great deal. In the ungettered set there is a noticeable decrease 
in the intensity of the Gd2O3 peak as samples are grown later in the series, indicating that 
the Gd flux from the initial samples getter the chamber for the subsequent samples. 
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Further, the presence of GdO(111) is a consequence of elevated growth temperature, only 
appearing when the samples are grown at 600ºC. The GdO(111), however, does not 
appear in the annealed samples, which leads to the conclusion that the GdO(111) does not 
appear when annealed with or that it does not appear in thick films as in Section 3.2 (e.g, 
if it were an interfacial oxide, its XRD signal would be too small to measure). Perhaps 
most importantly, the structural data strongly suggest that the gettering process is 
effective at limiting the effect of oxygen in the main chamber and of load lock exposure, 
as growth order did not have an apparent effect. 
 The thickness of the samples was verified by the use of XRR, and some deviation 
from the nominal values of the Gd thickness was found. The X-ray reflectivity spectra for 
both samples are shown in Figures 3-9 and 3-10. 
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Figure 3-9 The XRR results for the ungettered samples was used to calculate the Gd 
thickness from the fringe labeled number 4. 
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The thicknesses of the Gd from Figure 3-9 were calculated from the modified Bragg 
equation, starting from fringe #4 and fitting the maxima to the modified Bragg equation 
ending at fringe #9. The calculated thickness for all of the above samples was 250 
Å    . There is another error associated with this calculation, and it has to do with the 
numbering of the fringes. If the same set of peak maxima are used, but the starting fringe 
labeled as 3, the result is a thickness of 233 Å, while labeling the fringe as 5 results in a 
thickness of 280 Å. The results are similar for samples in both sets. This uncertainty, due 
to the smearing out of the critical edge by the detector, is approximately      for each 
sample. The thickness of the Gd layers in the gettered set were determined the same way, 
with fringe number four labeled as in Figure 3-10. 
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Figure 3-10 The XRR results for the gettered set show a diminishing of high frequency 
oscillations as deposition temperature increases. 
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 Here again, the thickness is different from the nominal value of 300Å, with there 
being an average among the samples of 285Å. Again, there is a deviation of 3% among 
the samples, and 12% due to the uncertainty in fringe assignment. 
3.5- Magnetocaloric Properties of Gettered and Ungettered Gd Films 
The -∆S vs temperature curves were all measured by using isothermal MH curves and the 
second order Maxwell relation. The MH curves were measured in sweep mode using a 20 
Oe/sec sweep rate and a 5 second averaging time. The numerical method used to 
calculate -∆S is as described in Chapter 2. In each case the temperature ranged from 
200K to 330K in 10K increments. Each -∆S curve is normalized to the nominal mass of 
each sample, calculated by the product of the sample area, nominal thickness and bulk Gd 
density. The combined MT data for both sets are shown in Figure 3-11, with the MH data 
shown in Figure 3-12. 
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Figure 3-11 The MT data for the gettered set (left) and the ungettered set (right) show 
similar trends. 
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 The MT data in both sets show an increase in Tpeak with deposition temperature. 
In the case of the ungettered set, there seems to be no difference in the 20ºC and 150ºC 
deposition temperature samples, whereas the difference is more pronounced in the 
gettered set. This determination is difficult to make with the 12% error bounds from the 
volume alone, along with the lack of background subtraction. As such, any comparisons 
must be qualitative. All the same, it is clear that Tc is shifting to higher temperatures in all 
cases. Further, it should be noted that the 600ºC gettered sample appears to have a 
sharper transition over the 450ºC counterpart. The MH curves for the gettered set are 
shown in Figure 3-12. 
Figure 3-11 shows the MH curves for the gettered set without background 
subtraction. As in the case of the MT data, direct comparisons based on the magnitudes 
of the magnetization values are very difficult due to the difficulties in background 
subtraction. As some of the substrates came from different chips, direct comparison by 
nominal substrate volume can also be an issue. As such, the MH data will simply be 
presented for the gettered and ungettered sets without further analysis. Further work is 
being done to higher fields for a Kouvel-Fisher analysis, which will allow for the 
subtraction of background. 
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Figure 3-12 The M-H curves from the gettered set without background subtraction.  
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Figure 3-13 The compiled MCE of gettered and ungettered samples all show a shift in 
Tpeak toward bulk values and an increasing -∆S. 
 
 The -∆S curves in Figure 3-13 both show similar trends in the change of Tc, 
FWHM and -∆Smax. Each of these properties will be compared in turn. In the above 
figure, and in the following figures, the ungettered sample grown at 600ºC is absent 
because it is diamagnetic to within the sensitivity of our instrument. 
 The peak parameters were derived as follows. We drew lines along the sides of 
the magnetic entropy peaks, as shown in Figure 3-14, and took the intersection point as 
the estimate of peak -∆S. The error was taken as half of the difference between the 
intersection point and the closest data point from the curve (the difference noted by the 
red line in Figure 3-14). The Tpeak error is assumed to be a quarter temperature step in 
  
57 
 
either direction (      ). The error bounds of the FWHM were found by finding the 
FWHM values corresponding to -∆Speak plus the error estimate and to -∆Speak minus the 
error estimate, with the FWHM value determined as the center of this interval. 
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Figure 3-14 The determination of peak parameters for a sample magnetic entropy curve 
 
 The value of Tpeak is clearly increasing within each set with increasing 
temperature, in agreement with the literature, even when the   2.5K error bounds are 
taken into account. Each successive deposition temperature not only produces a higher 
Tpeak in both sets to within this error, but also a higher Tpeak in the ungettered samples 
versus the gettered samples. The reason for this is unclear, but among the possible 
explanations are issues relating to lattice strain due to the differing thicknesses of the Ta 
underlayer. Finite-size effects are a possibility, but are not expected to be a major issue 
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for films of this thickness (41) (at least 40 monolayers). Further analysis is pending on 
this matter, including the possibility of strain analysis and grain size determination. 
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Figure 3-15 The plot of Tpeak vs Temperature shows a similar pattern of increase for 
both sets 
 
 The FWHM and -∆Speak values of the higher temperature growth samples are 
generally superior to those of the low temperature samples, as shown in Figure 3-16. The 
FWHM and -∆S in the gettered set appear superior over all deposition temperatures until 
the error bounds are taken into account. No comparison can be done between the sets due 
to the large error estimate. This estimate, however, is likely too restrictive as the effect of 
deposition temperature was already shown to produce bulk-like properties from the 
measurements of Tpeak. Further, the samples grown at 300ºC and 450ºC have a clear 
superiority in both sets over the samples grown at room temperature and at 150ºC. The 
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600ºC FWHM is also smaller than that of the 20ºC grown samples, even considering the 
large error bounds.  
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Figure 3-16 The compared FWHM and magnetic entropy values as functions of 
deposition temperature both show that higher temperatures produce superior samples. 
 
 The FWHM and -∆S in the gettered set appear superior over all deposition 
temperatures until the error bounds are taken into account. No comparison can be done 
between the sets due to the large error estimate. This estimate, however, is likely too 
restrictive as the effect of deposition temperature was already shown to produce bulk-like 
properties from the measurements of Tpeak. Further, the samples grown at 300ºC and 
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450ºC have a clear superiority in both sets over the samples grown at room temperature 
and at 150ºC. The 600ºC FWHM is also smaller than that of the 20ºC grown samples, 
even considering the large error bounds.  
 The large error estimate proves restrictive in comparing the effects of gettering 
between the sample sets. No direct comparison is possible for the samples grown between 
room temperature and 450ºC due to said estimate. This is not, however, to say that no 
conclusion can be drawn regarding the effects of chamber gettering on these films. The 
evidence for such a claim is the fact that the 600ºC sample showed a sharper MT for 
H=1kOe and a -∆S curve in the gettered set, while such measurements in the ungettered 
set measured a dominant contribution from the substrate in the MH and MT curves with 
no -∆S curve. As such, we conclude that increasing growth temperature does improve the 
magnetocaloric properties of Gd thin films, however further work is needed to quantify 
just how big this improvement is. 
 The RCP values for both sets, with ∆H=1T are shown below in Fig 3.17, 
calculated by the equation RCP=FWHM*-∆S (53). The pattern seen for the RCP values 
is very similar to that of the -∆S and FWHM curves. Both sets show an increase in RCP 
with temperature, though no direct comparison is possible due to the large error estimate. 
All the same, the RCP of the 300ºC and 450ºC samples of both sets show an 
improvement over those grown at lower temperatures, indicating that growth temperature 
is indeed increasing the RCP in these thin films. 
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Figure 3-17 The RCP values in both sets increase with temperature, though the error 
makes direct comparison difficult. 
3.6- Conclusions and Summary 
Deposition at elevated temperatures is an effective method by which the bulk-like 
properties of Gd thin films can be enhanced. In all cases Tpeak, FWHM and the magnetic 
entropy approached more bulk-like values as deposition temperature increased. The 
gettering process is shown to be a valuable step in the processing of Gd, as the gettering 
process produced a 600ºC grown sample, while the ungettered procedure did not. The 
XRD results show that the Gd/Oxide ratio increases regardless of growth temperature as 
the deposition sequence progresses. We conclude that the reason for this is that previous 
depositions serve to clean the chamber for subsequent depositions in the ungettered set. 
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 The 600ºC sample is more significant than it may appear from the above 
argument. The FWHM is invariant to the choice of normalization factor, while the value 
of -∆S is not. The FWHM of about 43K is inching closer to the lower values reported for 
bulk Gd with ∆H=1T (23), indicating that this sample is the most bulk like of the set. The 
calculated value of the -∆S peak value was suppressed relative to the gettered 450ºC 
sample. The error makes these samples appear alike, but the deviation between 
thicknesses within a set was roughly 3%, and as each XRR spectra was analyzed in the 
same fashion, it is likely that this estimate is more reasonable within a set than the 12% 
between sets. We thus conclude that the 600ºC gettered very likely had a -∆S peak value 
below the 450ºC gettered set, but given the bulk like properties in the FWHM parameter, 
this is likely due to a normalization error. We were unsure how to quantitatively 
determine how much oxide was present, and thus normalized to the measured thickness. 
The actual thickness of Gd is likely less due to the oxide present. 
 
 
 
 
 
 
 
  
63 
 
In this Chapter, we study the effects of heterostructuring Gd films with various interfaces. 
An MgO/[W(50Å)/Gd(300Å)]8/W(50Å) structure showed increased FWHM for ∆H=2T, 
but a reduced value of -∆Speak. Investigation by polarized neutron reflectometry (PNR) 
demonstrated a reduced value of magnetization of Gd atoms at the interfaces, thus 
leading to suppressed values of -∆Speak. Noting that Fe has been shown to boost Gd 
moments at interfaces in the past, we made a similar Fe(x_Å)/Gd(200Å) heterostructure 
with 8 repeats. This structure has novel behavior, but care must be taken as further work 
is needed to rule out the possibility of in-plane rotations in magnetization causing a false 
-∆S signal. 
4.1- The Effect of Heterostructuring on Gd multilayers 
We conducted a previous study to determine if depositing a multilayer Gd structure 
would improve its magnetocaloric properties. We deposited an 
MgO/[W(50Å)/Gd(300Å)]8/W(50Å) sample and annealed it to 600ºC in our deposition 
chamber, at a base pressure of ~3x10
-8 
torr. The -∆S curves areshown in Figure 4-1. For 
∆H=2T, the relative cooling power of the above sample is 1.1 J/cc, with a FWHM of 
90K, while bulk Gd shows relative cooling power of 1.4 J/cc with a FWHM 40K (20). 
Even though there is a greater FWHM, the RCP decreased because -∆Speak has also 
decreased relative to bulk. All the same, the increase in FWHM is one method by which 
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better magnetocaloric materials can be made, and as such this is an encouraging result. 
We then turned our attention to why it is that the -∆Speak values showed a decrease. 
 
Figure 4-1 The magnetic entropy curves show an enhanced FWHM when compared to 
bulk. 
 
 The explanation comes from a polarized neutron reflectometry experiment done 
by our collaborators at NIST (Brian Kirby and June Lau). They found that the 
magnetization of the Gd atoms at the interfaces of the W had a reduced magnetic moment 
when compared to those Gd atoms in the bulk region of the Gd layers (bulk defined as 
concentration of Gd by volume >99%). It should be highlighted that this is not a 
concentration effect, but rather a suppression of the intrinsic moment of each interfacial 
Gd atom (27). As the magnetic entropy change is proportional to m
2/3
 (27), this effect is a 
detriment to any effort to maximize magnetic entropy through heterostructuring. As 
discussed in the literature review, however, there have been examples of boosted 
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moments by interfacing with Fe (18), so we now turn our attention to the effects of Fe 
interfaces on the magnetocaloric and structural properties they produce with Gd. 
4.2- The Effect of Iron Interfaces on Gd Single Layer Films 
We deposited a series of gadolinium thin films with 30Å iron interfaces to study the 
effect of replacing the tungsten interface of our early samples with a ferromagnetic 
interface. Each sample had general form of MgO/W(100Å)/Gd(300Å)/W(100Å) Four 
samples were made: one with no Fe at all; one with 30Å Fe at the bottom W-Gd interface 
MgO/W(100Å)/Fe(30 Å)/Gd(300Å)/W(100Å); one with 30Å Fe at the top interface 
MgO/W(100Å)/Gd(300Å)/Fe(30 Å)/W(100Å); and one with 30Å Fe at both interfaces 
MgO/W(100Å)/Fe(30 Å)/Gd(300Å)/Fe(30 Å)/W(100Å). These samples will be referred 
to as Fe/Gd, Gd/Fe and Fe/Gd/Fe, respectively, for the rest of this Chapter. 
 The addition of iron as a buffer layer between tungsten and gadolinium increases 
the interfacial quality of the resulting structure, as shown in Figure 4-2. All of the 
samples in Figure 4-2 that have Gd growing on an Fe layer show longer lasting high 
frequency oscillations than those growing on tungsten. The sample in Figure 4-2 with Fe 
layers above and below the gadolinium appears to show a slight improvement over the 
sample with only an iron underlayer. This improvement of interfacial quality was a sign 
that Fe is a good candidate for the formation of an Fe/Gd superlattice. 
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Figure 4-2 The X-ray reflectivity spectra for Fe- interfaced single Gd-layer films to 
 0.4 Å
- 1
 in Q. 
 
 The Fe interfaces showed an improvement on the interfacial quality of such 
heterostructures, as in Figure 4-2. Our early magnetometry measurements also showed an 
improvement in the magnetocaloric response of Gd films with Fe interfaces, as shown in 
Figures 4-3 and 4-4. Figure 4-3 shows that the Fe/Gd/Fe sample has a flat tail to the left 
of -∆Speak at all fields. Inspection of Figure 4-3 suggests that the difference between the 
left tail of the Fe/Gd/Fe sample and that of the Gd sample increases with field. Figure 4-4 
is a closer look at this. The Fe/Gd/Fe sample has a smaller area under the peak for any 
operating temperature range centered around 280K. When ∆H=5T, however, the area 
under the Fe/Gd/Fe curve is clearly greater than that of the Gd sample for some operating 
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temperature ranges. Further, the left-hand FWHM temperature for the Fe/Gd/Fe curve is 
not even on the graph. Figure 4-5 shows the cooling potential in J/kg, obtained by 
integrating the peaks about a symmetric range centered at the Tpeak values of each curve. 
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Figure 4-3 The -∆S curves for the no Fe samples (left) show a greater -∆Speak value, but 
the Fe/Gd/Fe sample (right) has a novel tail. 
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Figure 4-4 MCE values compared between Fe/Gd/Fe and Gd samples at 5T(left) and 
1T(right). The Fe/Gd/Fe sample has a novel tail which increases relative to the Gd sample 
as the field strength increases 
 
Figure 4-5 The cooling powers obtained by integrating with symmetric bounds about the 
peak entropy value are shown. Temperature ranges are indicated by callouts. 
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 The Gd sample has a higher cooling power than the Fe/Gd/Fe for all fields and 
temperature ranges considered in Figure 4-5. The Fe/Gd/Fe sample, however, catches up 
for the 80K range at high field. It is clear from inspection of Figure 4-4 that this trend 
should continue as the temperature range is expanded. Further, the Fe/Gd/Fe clearly has 
greater cooling power for temperature ranges centered at lower temperatures. This 
apparent superiority at larger temperature ranges, though, must be approached with 
caution. The works discussed in Section 1.4 show that Gd/Fe thin film heterostructures 
can exhibit transitions where the magnetic moments change in in their angle with the 
applied field while the Gd moment is decreasing. The directional component may not 
affect the magnetic entropy and would hence not result in a change in the lattice 
temperature if used in a refrigeration cycle. 
4.3- Structural Properties of Gd/Fe Superlattices 
The interfacial iron layers produced sharp interfaces and boosted the apparent FWHM of 
the -∆S curves for the gadolinium films considered in section 4.3. To further study this 
effect, we grew a set of films of general structure 
SiOx/Ta(50Å)/[Gd(200Å)/Fe(x_Å)]8/Ta(50Å), with Fe thickness ranging from x=10Å to 
x=50Å in 10Å increments. Here, the 8 repeats were expected to further increase the 
apparent properties seen in section 4.3. The structural effects are considered here, and the 
magnetic properties in the next section. These samples will be referred to by the thickness 
of the iron interfacial layer.  
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Figure 4-6 The persistence of high frequency oscillations imply good interface quality. 
 
 The X-ray reflectivity data for these superlattices in Figure 4-6 show that these 
heterostructures show high frequency oscillations to high values of 2θ. The data in Figure 
4-6 further confirm the assertion that Fe interfacial layers produce. sharp interfaces with 
Gd. There are peaks which appear to be due to superlattice structure, however they 
correspond to thicknesses of between 180Å and 200Å for the structure with 50Å Fe. This 
could be an indication that the nominal thicknesses are incorrect, but confirmation of this 
will require a fitting of the curves. The wide angle X-ray results in Figures 4-7 and 4-8 
show that the gadolinium grows in a polycrystalline form, noting a prominent (002) for 
x=20Å and above with a small (203) reflection while the 10Å Fe superlattice has a 
mixture of (002) and (101). These peaks appear to have a consistent size and shape for 
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x=20Å and thicker Fe, implying that the structural features behind these reflections are 
not dramatically affected by increasing the iron thickness. 
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Figure 4-7 The wide angle X-ray data show Gd(002) to be the predominant phase, with 
some (101) at lower Fe thickness. 
 
 There are three peaks in Figure 4-8 which remain unidentified, labeled “A” and 
“B”. These peaks are unlikely to be due to the Fe or Ta due to the thicknesses of the 
layers. Moreover, these peaks are identical to the spurious X’Pert peaks discussed in 
Chapter 2 (in fact, one of these scans was in the discussion for Chapter 2) and the peak at 
82.41º is just a higher order peak for “A”. As such, the fact that A and B show up in the 
Gd film, the Gd heterostructure and the blank substrate rule out the possibility that the 
peaks labeled “A” and “B” are due to the Fe/Gd structure. 
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Figure 4-8 The full XRD results show a small Gd(203) peak at 78.20 degrees and a 
higher order peak correlating to "A" at 82.41 degrees. 
 
 Fe interfacial layers, then, induce polycrystalline growth in the Gd repeat layers 
with (002) being the most prominent orientation for the structures with thicker Fe layers. 
There is also a small amount of Gd2O3, but we have not yet found a way to eliminate this 
in our growth process. The reflectivity data suggest the Fe/Gd superstructure has good 
interfacial quality, making Fe a feasible choice for the fabrication of superlattices with 
sharp interfaces. 
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4.4- Magnetic Properties of Gd/Fe superlattices 
 We calculated the magnetic entropy of the Gd/Fe superlattices by the same 
method used in the previous chapter. The magnetic entropy curves are shown in Figure 4-
17. 
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Figure 4-9 The magnetic entropy curves for the Fe/Gd/Fe show a very round peak 
centered between 225K-250K for Fe thickness<30Å and ∆H=3T. 
 
 An interesting feature of the Figure 4.9 is that the x=10 and x=20Å samples form 
a pair with similar curves, as do the x=40Å and x=50Å pair. The x=10, 20 and 30Å 
curves all have a broad peak centered at around 225K, which shifts upward as the Fe 
thickness increases to 30Å. The behavior then changes dramatically as x increases to 40 
and 50Å, showing what appears to be a superposition of a room temperature grown Gd 
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film with a constant valued tail continuing leftward to low temperatures. Naively, we 
normalize the magnetic entropy to the mass of Gd (as we are well below Tc/3 for Fe,and 
in the region where the Fe moment was previous modeled as temperature invariant (33). 
As in the previous single Gd layer sample with Fe interfaces, this leads to working 
materials with flexible choices of operating temperature ranges. Caution has to be taken, 
however, as these features could be, at least in part, do to reorientations of the magnetic 
moment from within the. Vector magnetometry or thin film specific heat measurements 
are needed to discern the nature of this behavior  
 The data in Figure 4.9 suggest a pronounced difference in the magnetic properties 
of the X 30Å samples with the X=40,50Å pair. This is the subject of further work, but a 
current hypothesis is that as the Fe thickness increases, the Fe layers become more bulk-
like. The lattice constant of BCC iron is 2.86Å, making 10Å of Fe the equivalent of 3.5 
unit cells. Thus the 10 and 20Å Fe layers are 3.5 and 7 unit cells thick, respectively. It is 
possible that these cells are imperfect, especially when the effect of presputtering is 
considered. This leads to the possibility that there are indeed Fe and Gd layers, but that 
there is interdiffusion at the interfaces. At lower thicknesses, the interdiffusion could be 
the dominant perturbation, while as the Fe layer thickness increases, it would be expected 
that at some critical thickness the “bulk” Fe layer would become dominant over the 
interdiffusion. This could explain the shift seen after 30Å Fe thickness.  
 Alternately, the Fe could also be a distinct layer with minimal interdiffusion, but 
its magnetic properties could be altered by finite size effects. As studied previously, finite 
size effects in Fe can disappear after 5 or so monolayers (54). This would also be 
consistent with the sharp interfaces suggested by the X-ray reflectivity results and the fact 
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that minimal interdiffusion in Fe/Gd superlattices has been noted previously (55). Fitting 
of the X-ray reflectivity curves is in progress, and will shed further light on this 
possibility, though it seems more likely that the explanation is due to finite size or some 
change in the coupling within or between layers than to interdiffusion. Polarized neutron 
reflectometry could be used in this multilayer structure as well, and has indeed been 
successfully used to probe such structures in the past (55). 
 Assuming, then, that the features that we see are not fictitious, Figure 4.18 
compares the magnetic entropies of these structures with that of thin film-gadolinium. 
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Figure 4-10 The -∆S curves (∆H=1T) for the W/Gd and Fe/Gd structures of this section 
compared with the gettered samples in the previous section. 
 
  
76 
 
 The peak  at ~250K for the Fe/Gd structures occurs at nearly the same 
temperature as the room temperature gettered Gd 300Å single layer film, but the value of 
-∆S appears suppressed. The Gd peak, however, appears clearly in the x=50 Å Gd/Fe 
sample and at the same temperature as in the RT gettered sample. These structures could 
show an increased RCP over Gd for lower temperature ranges (e.g, centered at 240K), 
but not at ranges near room temperature, where (for ∆H=1T) the 600ºC gettered single 
layer Gd and the 600ºC annealed W/Gd multilayer are the superior choice. The cooling 
powers for an 80K temperature range about the peaks of the 600ºC grown gettered 
sample, 20ºC grown gettered sample and 30Å Fe/Gd superlattice are shown in Figure 4-
11. 
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Figure 4-11 The Fe/Gd superlattice appears inferior to Gd grown at ambient 
temperatures. Each cooling power computed for a symmetric range of 80K about the 
peak entropy. 
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4.5- Conclusions and Summary 
Tungsten forms locally sharp but globally wavy interfaces when used an interfacial layers 
in Gd/W heterostructures. The W produces an approximately 100Å thick region (for 50Å 
W) in which the Gd moments are reduced relative to the “bulk Gd” region (27). This 
reduction in magnetization causes a reduction in the peak -∆S value, which is 
compensated by the increased FWHM over bulk. This increase in FWHM is beneficial 
for applications involving refrigeration cycles with wide ranges between the hot and cold 
reservoirs, but not so for anything requiring narrower ranges. All the same, the effect of 
increased FWHM is absolutely beneficial over any definable range if the -∆S value could 
be simultaneously increased.  
 Iron interfaces are known to boost the Gd moment in thin film structures (18), and 
as such we made Fe/Gd heterostructures to explore this avenue. The result of such 
structures is a novel flat region in the -∆S curves that extends to 50K or less. This tail, 
however, requires careful interpretation as in-plane rotations of the Fe and Gd 
magnetizations are well-known in such structures (32) (31) (18) (33) (54) and would not 
necessarily affect the specific heat. All the same, an interesting change in the form of the 
-∆S curves in going from 30Å Fe layers to 40 or 50Å layers. Working hypotheses for this 
behavior are that there is significant diffusion, which becomes less dominant as the 
“bulk” Fe layer increases in thickness, or, more likely, that the Fe layers are in fact sharp 
with minimal diffusion, but that finite size effects are at work in this material. Fitting of 
the reflectivity curves will shed light on this matter, and is a goal of future work, as is 
vector magnetometry to confirm the origin of the novel magnetic behavior seen in these 
structures. 
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 Should the novel tails be actual contributions to a temperature change, however, 
these materials would be advantageous in that they allow for arbitrary choices of hot and 
cold reservoir temperatures in a working refrigeration cycle. The thicknesses of the layers 
has a large effect on the in-plane rotation observed (31), and it is also possible that the 
magnetocaloric response of these materials could be enhanced by using thicker Gd layers 
relative to the Fe. The effect of layer thickness is wide open, and represents an avenue to 
further tailor this novel behavior. 
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The necessity of subjecting Gd thin films to high temperatures for optimizing their 
magnetic properties is well supported. A previous annealing study, mentioned in Chapter 
1, and the growth temperature data in Chapter 3 all show that Gd thin films show reduced 
Tc and -∆S values when compared to bulk. The FWHM appears to decrease as growth 
temperature increases for all single layer Gd thin film samples, which indicates further 
that these samples are further approaching bulk-like properties. In this sense, the 600ºC 
grown sample from the gettered set appears most bulk like of all, even though it is 
inferior to the 450ºC gettered sample when compared by the RCP values at the device 
level. The diminished RCP is likely due to the fact that all samples were normalized to 
their nominal volumes, which would produce a value for -∆S which was lower than the 
actual value.  
We conclude that gettering is a useful step in the processing of Gd thin films by 
virtue of the structural data (which show a pronounced order effect to the ratios of the Gd 
and Gd2O3 peak intensities) and the fact that the gettering process produced a sample 
grown at 600ºC that did not oxidize to the point of color change. The error bounds, 
however, make further discussion of the effect of chamber gettering between the sample 
sets difficult. An avenue of future research is to retake the structural data in a parallel 
beam geometry in order to improve the quality of the X-ray reflectivity results and to 
subsequently fit those spectra to an appropriate model. This will dramatically reduce the 
CHAPTER 5 
CONCLUSIONS AND DISCUSSION 
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error due to the thickness determination and hence allow for more qualitative 
comparisons between the sample sets. Further, it would be useful to quantitatively 
determine the amount of Gd2O3 present in the sample so we could normalize to the mass 
of Gd, rather than the mass of Gd expected from the measured film volume. 
Further work also includes exploring the effect of cooling these samples with Ar 
flowing into the chamber, using thicker Ta capping layers and trying to isolate the 
relative contributions of the main chamber versus the load lock in sample oxidation. The 
effect of advanced annealing preparations (encasing in Ta foil or vacuum sealing in 
quartz bubbles) is another avenue for future studies. There would be many benefits to 
using such a preparation. One advantage is that a tube furnace can accommodate many 
samples simultaneously, while the chamber can anneal or grow 5 samples maximum. 
This advantage to throughput would be accompanied by the ability to anneal at higher 
temperatures (our chamber is currently set up with 600ºC as a maximum) and with 
cheaper industrial grade process gasses. 
The Fe/Gd superlattices show a novel low temperature tail, which could be a 
novel way of engineering materials with higher cooling powers. Caution, however, must 
be taken as previously noted by the previous studies done on such systems. The models 
used in the references use a Gd layer with diminishing magnetic moment with 
temperature, so it is very likely that the Gd like magnetic entropy features at ~250K in 
Figure 4-10 are actually due a magnetic transition in Gd. Separating this contribution 
from that of Fe and Gd twisting phases, however, is something that we are unable to do at 
present. Future work involves the use of PNR to determine the magnetization profile of 
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these samples as a function of depth and temperature, from which we can make a more 
accurate determination as to the nature of these samples. 
Should the Fe/Gd superlattices show a tail which reflects a true magnetocaloric 
effect, these samples provide many possibilities for the tailoring of magnetocaloric 
responses, such as varying Fe or Gd thickness, breaking symmetry, varying numbers of 
layers and varying the identity of the surface layer. As it stands, these samples show a 
very broad peak below room temperature for Fe thickness 30Å, and a roughly flat 
region above 30Å. While these samples appear inferior to Gd at near room-temperature, 
the broad peak or tail regions could allow for the use of this material with arbitrary 
temperature ranges, adding a great deal of flexibility to any process which would utilize 
them. The possibilities are exciting, but the nature of this behavior must first be 
characterized properly. 
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 Figure 1-3 was adapted from the National Institute of Standards and technology, 
which has a policy that any non-copyrighted material may be used so long as credit is 
given. The policy can be found at http://www.nist.gov/public_affairs/disclaimer.cfm and 
states that all material not marked as coyrighted is considered public information. The 
figure can be found at http://www.nist.gov/ncnr/refrigeration_012709.cfm . 
 The permissions for Figures 2-5, 2-6, 2-7, 2-8, and 2-9 were obtained by email 
correspondence with Wiley-VCH, and a copy of the email granting permission is shown 
beginning on the next page. These  
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